The Solar Probe Plus (SPP) mission will explore the Sun's corona and innermost solar wind starting in 2018. The spacecraft will also come close to a number of Mercurycrossing asteroids with perihelia less than 0.3 AU. At small heliocentric distances, these objects may begin to lose mass, thus becoming "active asteroids" with comet-like comae or tails. This paper assembles a database of 97 known Mercury-crossing asteroids that may be encountered by SPP, and it presents estimates of their time-dependent visible-light fluxes and mass loss rates. Assuming a similar efficiency of sky background subtraction as was achieved by STEREO, we find that approximately 80% of these asteroids are bright enough to be observed by the Wide-field Imager for SPP (WISPR). A model of gas/dust mass loss from these asteroids is developed and calibrated against existing observations. This model is used to estimate the visible-light fluxes and spatial extents of spherical comae. Observable dust clouds occur only when the asteroids approach the Sun closer than 0.2 AU. The model predicts that during the primary SPP mission between 2018 and 2025, there should be 113 discrete events (for 24 unique asteroids) during which the modeled comae have angular sizes resolvable by WISPR. The largest of these correspond to asteroids 3200 Phaethon, 137924, 155140, and 289227, all with angular sizes of roughly 15 to 30 arcminutes. We note that the SPP trajectory may still change, but no matter the details there should still be multiple opportunities for fruitful asteroid observations.
between rocky asteroids and ice-rich comets has been replaced by the recognition of a continuous distribution in both composition and volatility (e.g., Weissman et al. 1989 ). Some objects that were initially identified as asteroids have been seen to exhibit cometary outbursts (Hartmann et al. 1990; Mazzotta Epifani et al. 2011) . On the other hand, some known comets have become dormant as they apparently exhausted their volatile-rich outer layers (Jenniskens 2008; Ye et al. 2016) . Recent work on active asteroids (Jewitt 2012; Jewitt et al. , 2015 Agarwal et al. 2016) has shown that dusty mass loss may occur even when virtually no icy material is left.
When small solid bodies approach the Sun, there are strong radiative and thermal effects that release gas molecules, dust particles, and larger pieces of regolith (e.g., Delbo et al. 2014) . At small heliocentric distances-e.g., for sungrazing comets-the dust dissociates rapidly and the gas becomes ionized (Povich et al. 2003; Bryans and Pesnell 2012) and often the entire object is destroyed (Biesecker et al. 2002) . Mass loss from comets in the inner heliosphere remains a useful, albeit indirect, probe of the solar wind (Brandt and Snow 2000; Huebner et al. 2007 ) and the hot solar corona (Raymond et al. 2014) . Many similar ablative processes may also be occurring in the environments of extrasolar planets that orbit close to their host stars (Mura et al. 2011; Matsakos et al. 2015) .
Active asteroids in the innermost heliosphere have not yet been explored by planetary spacecraft. However, Solar Probe Plus (SPP) will spend several years inside the orbit of Venus (McComas et al. 2007; Fox et al. 2015 ) with a minimum perihelion distance of 0.0459 AU (i.e., 9.86 solar radii). In addition to a suite of in situ plasma and field instruments, the the Wide-field Imager for SPP (WISPR, Vourlidas et al. 2015) will observe visible-light photons over large fields of view. The primary goal of WISPR is to observe Kcorona emission from Thomson-scattered electrons and F-corona emission from dust, but it will also search for sungrazing comets and putative Vulcanoids (see, e.g., Steffl et al. 2013) .
This paper explores the ability of instruments such as WISPR to observe extended emission from mass-losing active asteroids in the inner heliosphere. Sect. 2 of this paper surveys the orbital properties of 97 Mercury-crossing asteroids, in both the Apollo (a > 1 AU) and Aten (a < 1 AU) groups, that could be encountered by SPP. The sizes and visible-light fluxes of these asteroids are estimated in Sect. 3 and compared with expected background levels of zodiacal light. Sect. 4 presents a model for the mass loss rate of high latent-heat silicate material from the selected asteroids, and Sect. 5 estimates the observable spatial extent of dusty coma/tail regions that WISPR can resolve. Lastly, Sect. 6 discusses some of the the broader implications of this work and gives suggestions for future improvements in the modeling. Figure 1 illustrates the latest version of the proposed SPP baseline mission trajectory. This information was extracted from a SPICE kernel file distributed to the SPP team in September 2014. It assumes a launch date of July 31, 2018, and it extends to September 1, 2025. The kernel data were processed with version N65 of the SPICE toolkit for IDL (Acton 1996) , which was created by the NASA/JPL Navigation and Ancillary Information Facility (NAIF). 1 The Cartesian (x, y, z) positions of SPP, in solar-system barycenter coordinates for epoch J2000.0, were computed and saved at 0.1 day intervals. The mission time t shown in Figure 1 (b) is specified in days measured from 0:00 UT on July 31, 2018. The dynamical properties of 97 Mercury-crossing asteroids were obtained from the NASA/JPL Horizons On-Line Ephemeris System (Giorgini et al. 1996; Giorgini 2011) 2 in July 2015. The Horizons system was used to convert the tabulated orbital elements into Cartesian (x, y, z) positions, which we saved at 12 hour intervals during the calendar years 2018 to 2026. In order to compare directly with the SPP trajectory data, each asteroid's coordinates were interpolated to the denser (0.1 day) time grid obtained from the spacecraft SPICE kernel.
Orbital Analysis
The specific asteroids appropriate for this study were selected with the following criteria. First, we included all 63 known asteroids with perihelia less than 0.2 AU. The asteroid that approaches closest to the Sun is 2005 HC 4 , with perihelion q = 0.07066 AU (i.e., 15.2 R ⊙ ).
There are six others with perihelia less than 0.1 AU. Second, the database was extended to asteroids with perihelia between 0.2 and 0.3 AU. However, out of the 159 known asteroids in this region, many of them are extremely small and dim. The results of Sections 4-5 below show that only the largest asteroids at q > 0.2 AU are expected to display substantial mass loss. Thus, we selected the brightest 34 of that group, with the criterion that their V -band absolute magnitudes H must be ≤ 18.0. No asteroids were chosen with q > 0.3 AU because of both their negligible expected mass loss rates and the infrequency of close encounters with SPP once it enters the inner heliosphere. Table 1 gives the final list of 97 asteroids in order of increasing perihelion q, and it also lists their names/numbers, eccentricities e, and V -band magnitudes H.
A set of 97 timelines containing the relative positions of SPP, the asteroid, and the Sun were produced from the ephemeris data over the 2018-2025 mission period. The three mutual distances d (between SPP and asteroid), r a (between Sun and asteroid), and r p (between Sun and SPP) are used for various purposes in the models described below. Other useful quantities include the solar elongation angle ε (i.e., the angle centered on SPP between vectors pointing to the Sun and to the asteroid) and the scattering phase angle α (i.e., the angle centered on the asteroid between vectors pointing to the Sun and to the observer on SPP). Both angles can be computed from the three distances, Figure 2 shows the spread of minimum distance d min versus each asteroid's perihelion distance q. There is no overall correlation between these quantities, but there does appear to be a slight preponderance (see dashed line) for asteroids with the largest q values to avoid close approaches with SPP. This is likely to be a statistical trend associated with the fact that asteroids with wider orbits naturally spend less time in SPP's neighborhood close to the Sun.
It should be emphasized that the accurate prediction of a close approach between SPP and any specific asteroid depends on the validity of the planned trajectory and launch date of July 31, 2018. Spacecraft launches are frequently delayed, but SPP does have firm requirements to "meet" the desired gravitational assists with Venus. Thus, it is possible that even a delayed launch could result in an eventual synchronization with the trajectory assumed here. In any case, some results of this paper may be better interpreted as one possible sample from a quasi-random distribution of possible SPP orbits. Additional statistical conclusions are discussed in Section 6.
As an example of an interesting encounter, Figure 3 (a) shows the mutual trajectories for SPP and asteroid 137924 (2000 BD 19 ). This example is only the 19th closest approach out of the full list of 97 asteroids, but it is notable for occurring very near the asteroid's own perihelion. That fact leads to it having a bright V magnitude and unusually high predicted values for its mass loss rate and coma size (see below). Figure 3 (b) also shows that, for the case of asteroid 137924, multiple close encounters with SPP tend to occur near successive perihelion passes. 
Asteroid Physical Properties
In the analysis performed below, each asteroid is assumed to be spherical in shape, with a diameter D given by a standard conversion from its visible-light absolute magnitude H,
(e.g., Bowell et al. 1989 ), where we take p = 0.1 as a representative value of the geometric albedo for small asteroids in the inner heliosphere (see also Muinonen et al. 1995; Morbidelli et al. 2002) . For the 97 asteroids listed in 
where r a and d are given in units of AU. Φ(α) is the phase function for the scattering of sunlight, which is largest at opposition (α = 0) and decreases monotonically for larger scattering angles. The standard phase function defined by Bowell et al. (1989) was used with a slope parameter G = 0.15 appropriate for inner heliospheric asteroids (see also Lagerkvist and Magnusson 1990) . Apparent magnitudes were converted into V -band energy fluxes at λ ≈ 500 nm, with
using the normalization factor specified by Wamsteker (1981) . The observability of a given asteroid depends on both its intrinsic brightness and its relative contrast with the sky background. observed 3200 Phaethon and its tail with the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) package on STEREO (Howard et al. 2008; Eyles et al. 2009 ), and they noted how measurements were limited by the presence of extended sky emission. The WISPR instrument on SPP will be closer to its asteroid targets than was SECCHI, and it will have comparable sensitivity despite its smaller size. Thus, in this paper we apply several of the lessons learned from SECCHI to future measurements with WISPR.
Visible-light sky emission in the inner heliosphere is dominated by a combination of zodiacal light (the dust-scattered F corona) and Thomson-scattered electron emission (the K corona). A relatively simple analytic expression for the total specific intensity B Z (ε, r p ) of the two components was found to reproduce a range of observations and model predictions.
For a standard observer at r p = 1 AU, the angular dependence is given by
where the elongation angle ε is specified in radians and the mean solar-disk brightness is B ⊙ = 2.96 × 10 −8 W m −2 sr −1 Hz −1 in the V band (Allen 1973) . Equation (5) matches collected observations in the ecliptic plane (Leinert 1975; Munro & Jackson 1977; Kwon et al. 2004; Mann et al. 2004 ) to within about a factor of two. Observers closer to the Sun are expected to see higher intensities (e.g., van Dijk et al. 1988 ), and we use
where the exponent 2.5 was estimated from the modeled inner heliospheric intensities in Figure 7 of Vourlidas et al. (2015) . The goal is to compare the above sky brightness with the flux from an asteroid, but the latter is essentially a tiny point-source with an angular size much smaller than a WISPR detector pixel. The asteroid's flux F must be compared with a corresponding sky flux F Z that fills the pixel. The zodiacal light intensity B Z is thus converted into flux by multiplying it by the solid angle subtended by a pixel, with
Vourlidas et al. (2015) specified pixel sizes of 1.2 ′ and 1.7 ′ for the inner and outer fields of view, and we used the average of the two as a representative value. Thus, a square patch of the sky subtending 1.45 ′ = 4.22 × 10 −4 radians on a side occupies a solid angle Ω = 1.78 × 10 −7 sr. , and we note that 76 out of 97 asteroids fall above that level. WISPR will clearly have multiple opportunities to observe asteroids in the inner heliosphere.
It is noteworthy that the list of five brightest (i.e., lowest m V ) asteroids and the list of five highest flux contrast (largest F/F Z ) asteroids share three members: 141079, 2005 GL 9 , and 2007 EB 26 . Note that asteroid 137924, whose orbit is shown in Figure 3 , is the second brightest (m V = 8.98) at closest approach, but due to a low elongation angle it is only the 14th highest flux contrast (F/F Z = 0.038). The largest active asteroid, 3200 Phaethon, has its lowest value of m V = 10.53 at t = 1384.6, about six days prior to the time it reaches its minimum distance d min to SPP. However, because of varying elongation angles, Phaethon's time of maximum flux contrast (at F/F Z = 0.13) occurs at its previous perihelion passage 17 months earlier (t = 880.3). This tells us that the "snapshots" of the 97 closest-approach events, illustrated by filled circles in Figures 2 and 4 , may not always be the most reliable guide to identifying when interesting things are occurring. 
Asteroid Mass Loss due to Erosion
In a similar manner to comets, it is believed that active asteroids lose mass when they orbit sufficiently close to the Sun. The ejected gas and dust expands to fill coma-like or tail-like atmospheres that may be observed at large distances from the nucleus. One can use the language of sublimation to discuss the erosion of solid material from the asteroid surface. Some active asteroids (e.g., 133P/Elst-Pizzaro in the main asteroid belt; see Hsieh et al. 2004 ) are probably similar to comets in that they emit gaseous mass mostly in the form of volatile ices (H 2 O, CO, CO 2 ). However, the near-Sun active asteroids (e.g., Phaethon) have likely already lost most of these easily sublimated compounds. The heavier silicate and hydrocarbon molecules that presumably dominate the outer regolith layers of these asteroids have a substantially higher latent heat than volatile comet ices. This section applies the long history of sublimation energy-balance models for comets (e.g, Weigert 1959; Delsemme and Miller 1971; Whipple and Huebner 1976; Weissman 1980; Prialnik et al. 2004 ) to the case of nearSun active asteroids.
Before proceeding with such modeling, it is important to note that the loss of both silicate-rich gas and dust from rocky objects (heated to T ≈ 1000 K) has not been studied as extensively as the standard cometary scenario of sublimating ice molecules that drag along the larger dust grains. However, the idea of a simultaneous ejection of multiple phases of the same type of material has been studied for comets. Water ice and other volatile compounds appear to be ejected in both the gas phase and in the form of "snow" particles with sizes ranging from microns to meters (e.g., Delsemme and Miller 1971; Kelley et al. 2013 Kelley et al. , 2015 Protopapa et al. 2014) .
In addition to the analogy with comet ice loss, there are three other comparable situations that appear to have some resemblance and relevance to the case of active asteroids:
1. Meteors entering a planetary atmosphere undergo rapid deceleration and thermal ablation (e.g., Baldwin and Sheaffer 1974) . Although the source of heating for meteors is different (atmospheric drag versus solar radiation), the mass loss is often treated by replacing the latent heat of sublimation with a comparable heat of ablation (Chyba et al. 1993) . The size distribution of resulting fragments appears to be quite broad, from nanometer-scale "smoke" to micron-scale dust to macroscopic meteoroids (Borovička and Charvát 2009; Malhotra and Mathews 2011) . 2. Sungrazing comets have perihelia within a few solar radii of the Sun's surface (Marsden 2005) , and observations of their evolution upon close approach provide valuable information about the composition and thermal properties of primordial bodies in the solar system. Sekanina (2003) was able to model the light curves of a number of sungrazing comets by assuming a continuous distribution of silicate erosion products (i.e., from large fragments to individual sublimated molecules). These comets have also been observed to emit metallic-i.e., alkali, sulfide-rich, and iron-group-material as well (Preston 1967; Slaughter 1969; Zolensky et al. 2006; Ciaravella et al. 2010 ), 3. We now know that a large number of extrasolar planets orbit within just a few stellar radii of their host stars (Winn and Fabrycky 2015) . Some observations suggest that small, rocky planets of this kind are slowly disintegrating via the ejection of large amounts of dust (e.g., Mura et al. 2011; Rappaport et al. 2012; van Lieshout et al. 2014; Sanchis-Ojeda et al. 2015) . Possible formation channels for the dust include condensation from sublimated gas, direct ejection via volcanism, or comet-like entrainment of grains along with escaping gas molecules.
Thus, there appear to be multiple ways that silicate-rich gas can be removed from the surfaces of solid objects near the Sun, together with larger dust grains, when they experience strong solar irradiation. It should also be mentioned that the minerals left on the surfaces of these bodies may be irradiated sufficiently to induce various types of chemical and tensile metamorphosis (Scott et al. 1989; Scheeres 2005; Kasuga et al. 2006; Gundlach and Blum 2016) . The thermal energy balance at the surface of a solid body can be solved to compute the mass loss rateṀ and equilibrium temperature T of molecules leaving the surface. Ignoring heat conduction, the short-wave radiative energy gained must be balanced by losses due to long-wave radiation and sublimation, with
where A is the asteroid's Bond albedo, S ⊙ is the solar constant, θ is the angle between rays from the Sun and the asteroid surface normal, σ B is the Stefan-Boltzmann constant, η is the emissivity of the asteroid surface, m u is the atomic mass unit, L is the latent heat of sublimation of the escaping gas, specified here as an energy per mole, and Z is the surface sublimation rate (particles lost per unit area per unit time). For simplicity, some of these quantities are fixed at constant values of A = 0.1, η = 1, and S ⊙ = 1360 W m −2 . Although the resulting rate of mass loss is sensitive to details of the Sun-asteroid geometry, it is possible to discuss the behavior in two limiting cases for cos θ (see Jewitt et al. 2011 Jewitt et al. , 2015 . A rapidly rotating asteroid will redistribute the incoming radiative energy from its Sun-facing side over the majority of its emitting surface. In that case, a mean value of cos θ = 1/4 accounts for this efficient redistribution. On the other hand, a slowly rotating (or non-rotating) asteroid will receive most of its energy at nearly sub-solar surface locations, and will emit sublimated gas only from the illuminated parts. Thus, one can assume cos θ = 1 at those locations. In these two cases the emitting surface area A of the asteroid also differs. In the fast-rotating limit, nearly all points on the asteroid receive some heat, so A ≈ πD 2 (the full surface area). In the slow-rotating limit, the area is given roughly by the front-side cross section, A ≈ πD 2 /4. This area is needed to compute the full mass loss ratė
where µ is the mean molar mass of the sublimating molecules. The quantity Zµm u is sometimes called the mass erosivityε (mass lost per unit time per unit area). Equation (8) has two undetermined parameters: T and Z. These can be found by using the Clausius-Clapeyron relation, which specifies the vapor pressure P v at the surface of a sublimating body,
where P ∞ is the vapor pressure in the high-temperature limit and k B is Boltzmann's constant. The latent heat is assumed to be a constant, independent of temperature. Assuming a Maxwellian distribution of escaping molecules, the mean sublimation rate at the surface is given by the Hertz-Knudsen equation,
where γ is a dimensionless efficiency that takes account of a range of kinetic effects (see, e.g., van Lieshout et al. 2014) . Table 2 lists many of the above properties for substances believed to exist on comets and asteroids, listed in order of increasing latent heat. Figure 5 (a) shows numerical solutions for Z as a function of heliocentric distance r a , for a subset of the substances listed in Table 2 . In most cases there is an inverse monotonic relationship between L and Z at any given distance. Close to the Sun, the sublimation term dominates the right-hand side of Equation (8), and thus Z ∝ r −2 a . At larger distances, Z drops off exponentially when the radiative emission term begins to dominate. The fast-rotating limit was used to compute cos θ and A because observations (e.g., Campins et al. 2009 ) suggest inner heliospheric asteroids experience significantly more surface redistribution of thermal energy than predicted by non-rotating models.
Figure 5(b) shows the associated energy-balance solutions for the surface temperature T . For the most volatile substances, T is relatively flat near the Sun because the incoming solar flux drives the sublimation phase change and does not heat up the asteroid. In that case, the quantity 1/T varies approximately as (c 1 + c 2 ln r a ) for appropriate constants c 1 and c 2 .
Farther from the Sun, however, T ∝ r −1/2 in radiative equilibrium. Because we do not yet know the detailed surface composition of active asteroids, it is not clear how to specify the latent heat and other properties a priori. Sekanina (2003) modeled the light curves of sungrazing comets by treating the latent heat L and mean molecular mass µ as constrained free parameters. The result of that process was a range of latent heats (120 to 360 kJ mol −1 ) and molecular masses (200 to 800 g mol −1 ), with unique pairs of values that successfully predict the light curve properties of each comet. Figure 6 compares laboratory values of L and µ for the substances listed in Table 2 with those derived empirically by Sekanina (2003) . Shown for comparison are data from other listings of volatile ices (Prialnik et al. 2004 ) and solid-phase elements (Huebner 1970) . In this two-dimensional plane, there is no real overlap between the laboratory values and those derived by Sekanina (2003) . However, it is important to note that the sublimation rate Z is driven mainly by the value of L and only very weakly by µ (i.e., Z ∝ µ −1/2 ). Thus, the overlap that is seen in just the L values may point to the existence of a heterogeneous mixture of substances with a range of sizes and latent heats (e.g., hydrated silicates mixed with organic hydrocarbons) that could be released from surfaces exposed to the near-Sun environment.
In a similar vein as the empirical study of Sekanina (2003) , it is possible to use the measurement of Phaethon's mass loss (Ṁ ≈ 3 kg s −1 at perihelion) to provide an observation-based estimate of L and µ. However, the measured value ofṀ from Phaethon was a dust mass loss rate, whereas the quantity computed in Equation (9) corresponds to the gas/molecular component of the outflow. As stated above, there is still no firmly accepted understanding of how active asteroids produce and eject dust grains. The gas and dust components may be intimately connected to one another (via, e.g., re-condensation of sublimated molecules) or they may originate from completely different regions on the surface (see Jewitt et al. 2015) . However, we can note that many comets are inferred to have dust-to-gas mass ratios M centered around unity (e.g., A 'Hearn et al. 1995; Sanzovo et al. 1996; Kolokolova et al. 2007 ). Thus, we make a trial assumption of M = 1, which allows us to takeṀ to be equal to the dust mass loss rate. The assumed value of M is likely to be an important source of uncertainty for the model results given below. The sensitivity of these results to changes in M is explored further below as well. Table 2 . Unlabeled curves correspond to atomic iron (orange dashed curve), crystalline enstatite (red dotted curve), and corundum (red solid curve). See text for discussion of the empirical model (black solid curve).
An empirical model of the sublimation of material with arbitrary L and µ requires specification of the other sublimation properties of the material. We follow Huebner (1970) and Sekanina (2003) by defining
with a fiducial value of P 0 = 0.398 GPa. The result of computing T 0 for the 13 actual substances listed in Table 2 is a mean value (after excluding CO 2 and H 2 O) of 5300 K, which is used in the models below. 3 Since the assumed heterogeneous mixture of substances may contain both dusty ices (γ ≈ 1) and silicates (γ ≈ 0.1) we assume a mean value of γ = 0.3. A comprehensive search of the two-dimensional space shown in Figure 6 was undertaken for a Phaethon-like asteroid at perihelion, with r a = 0.14004 AU and D = 5.12 km. Values of L and µ that yieldedṀ = 3 kg s −1 are shown by the black curves in Figure 6 ; one computed for the fast-rotating limit and one for the slow-rotating limit. For simplicity, we choose one point along the fast-rotating locus of solutions for use in the models presented below: L = 204 kJ mol −1 and µ = 100 g mol −1 (see the black filled square in Figure 6 ). This value of L falls comfortably within the empirically determined range found by Sekanina (2003) for sungrazing comets. Also, our solutions are close to the value of 320 kJ mol −1 listed in Table 2 for carbonaceous chondrites. It should be noted that the value of L for chondritic material is not really known so precisely. Both Baldwin and Sheaffer (1974) and Chyba et al. (1993) reported approximate values for the heat of ablation of chondrite meteors spanning values between 200 and 350 kJ mol −1 . To repeat, we believe this empirical solution may point to the existence of a mixture of multiple solid species that, taken in bulk, sublimate at a similar rate as a single compound with representative values of L and µ. Figure 7 shows computed mass loss rates versus r a for this paper's collection of 97 closest-approach events with SPP, and we use the empirical solution described above: L = 204 kJ mol −1 and µ = 100 g mol −1 in the fast-rotating limit. When these parameters are held fixed, it is clear that r a is the parameter most important for determiningṀ, with the asteroid diameter D providing a much more limited variation. The red filled circle indicates the position of asteroid Phaethon at its closest approach with SPP, and the red X symbol shows Phaethon at its perihelion. At the time of closest approach with SPP, Phaethon's mass loss rate is predicted to be almost a million times lower than when it reaches perihelion. This again provides a warning that the times of closest approach may not be the most auspicious observation times. Observations of Phaethon and several other asteroids taken at larger distances (r a = 1.4-2.6 AU; see Jewitt 2013) showed no discernible mass loss. The approximate upper limits onṀ shown in Figure 7 are many orders of magnitude larger than what our model would predict at those distances.
Another comparison between observed dust mass loss and the model described above is shown in Figure 7 . Ciaravella et al. (2010) observed silicon and carbon ultraviolet emission from sungrazing comet C/2003 K7 when it was at a distance of r a = 0.016 AU. They deduced a range of dust mass loss rates assuming the silicon comes from the dissociation of molecules like olivine or forsterite. Ciaravella et al. (2010) also inferred a diameter for the nucleus of about 0.06-0.12 km. Using a central value of D = 0.1 km and the fast-rotating model above with L = 204 kJ mol −1 , we found values ofṀ for the gas that fall within the uncertainty limits of the Ciaravella et al. (2010) dust mass loss rate.
The agreement between the above model and the Ciaravella et al. (2010) observation represents additional support for M ≈ 1 for inner heliospheric mixtures of dust and gas in the vicinity of sublimating bodies. However, if we had chosen other values of M , it would have only required a small change in the latent heat to reproduce the mass loss rate. Specifically, the standard value of L = 204 kJ mol −1 (which was optimized for M = 1) needs to be decreased only to 172 kJ mol −1 for M = 0.01, or increased to 237 kJ mol −1 for M = 100. These changes in L have been incorporated into an approximate fitting formula for the sublimation rate Z as a function of both heliocentric distance and the dust-to-gas mass ratio:
where r a is expressed in AU, Z 0 = 2.545×10 16 particles cm −2 s −1 , and σ = 0.0787M −0.0661 . This fitting formula is used below in order to vary M as a free parameter while retaining the empirical calibration to Phaethon's dust mass loss rate.
Coma and Tail Formation
The goal of this section is to estimate a representative length scale for the dust-filled coma or tail surrounding an active asteroid in the inner heliosphere. This length scale is defined specifically as the largest distance from the asteroid at which WISPR on SPP is expected to see a dust-scattered enhancement over the sky background. As above, we continue to use the observations of Phaethon at its perihelion ) to help constrain some of the unknown parameters of the model.
Spherically Symmetric Model
Huebner (1970) and Delsemme and Miller (1971) computed the maximal radial distance traversed by dust grains that are ejected from a comet's surface. Newly freed grains become exposed immediately to sunlight and begin to sublimate in the same manner as the parent asteroid. A spherical dust grain with radius a should have a finite lifetime τ given by
where ρ is the mean mass density of escaping material. In the models below, we assume a representative value ρ = 3 g cm −3 . A dust grain that drifts away from the parent body with velocity v dust will thus traverse a radial distance of order R ≈ v dust τ before it sublimates away completely. However, speculated that the observed radial distance of coma-like emission is probably going to be smaller than R, because instrumental effects (i.e., a high sky background and low photon counting statistics) can obscure the faint outer parts of the dust cloud. Thus, we need to estimate the visible-light brightness of a dust coma (as a function of impact-parameter distance b away from the asteroid) and compare it to the sky background flux F Z defined in Section 3. In lieu of a full three-dimensional model of the dynamics of dust grains leaving the asteroid, an approximate spatial distribution can be computed using the model of Haser (1957) . Making use of mass flux conservation in spherical symmetry, with a sink term to account for grain loss via sublimation, results in a time-steady solution for the dust number density,
where R a is the asteroid radius and r is the asteroid-centric radial distance at which n d is measured. The value of n d0 at the asteroid surface can be estimated if we know the dust-togas mass ratio M and the number density of gas molecules n g0 at the surface,
and m d , the mass of an individual dust grain, can be computed straightforwardly given its mean density ρ, radius a, and the assumption it is roughly spherical in shape. The Maxwellian gas mass loss theory (Equation 11) also specifies
where the mean speed of gas molecules is given bȳ
(e.g., Delsemme and Miller 1971) . If a telescope views the dust emission at an impact-parameter distance b away from the asteroid itself, it will see dust grains with a given column density N(b). To compute the column density, we assume the grains are distributed with enough empty space around them so their observed cross sections do not overlap. Thus, N(b) is given by an optically thin integral over the line-of-sight distance x,
where the dimensionless line-of-sight (LOS) integral is defined as
and β = b/(v dust τ). The above integral was derived by defining the heliocentric distance r of each point along the LOS using r 2 = x 2 + b 2 , and the dimensionless integration coordinate is u = x/b. The above expression also assumes that b ≫ R a . The integral was computed numerically over a fine grid in the parameter β , and this was used as a lookup table when computing actual column densities. Figure 8 shows how I LOS varies with β . The visible-light flux F dust emitted by dust grains (at a given distance b away from the asteroid, and in a solid angle Ω that fills a WISPR pixel) can be computed and compared to the background sky flux. The total number of grains that contribute to this quantity is the product of the column density N(b) and the cross-sectional area of one pixel as viewed by the spacecraft. If the spacecraft-asteroid distance d is assumed to be much larger than the impact parameter b, the relevant cross-sectional area can be estimated to be Ω d 2 . Thus, if a single dust grain emits a visible-light flux F 1 , the total flux in the pixel is given by
The calculation of F 1 was done using the equations in Section 3 and the assumption that each dust grain is essentially a "tiny asteroid" with a comparable albedo to its parent body. At any time during an encounter between an asteroid and SPP, we can compute F dust over a range of trial values of the impact parameter b. It is then possible to solve for a representative observed coma extent (b coma ) that is the distance at which F dust is equal to a threshold sky background flux. That sky flux was given by 10 −4 F Z , which was determined in Section 3 to be the practical limit in modern-day heliospheric imagers for resolving small features from a large-scale background (DeForest et al. 2011 ). The quantity F Z depends on the elongation angle ε and the SPP heliocentric distance r p . Thus, the derived value of b coma is observer-dependent and not intrinsic to the asteroid.
In the limiting case of β ≪ 1, the dimensionless integral I LOS approaches a constant value of π. Thus, the solution for the observed coma size can be written as
The above expression was used as a validation for the full numerical solution in the limit of b coma ≪ v dust τ. The model described above has three parameters that still have not yet been specified: M , v dust , and a. We will use the measurement of b coma = 2.5 × 10 5 km for Phaethon at its perihelion in order to constrain them. Plausible ranges of variability for these parameters are given as follows:
1. The dust-to-gas mass ratio M has been discussed above. Comet observations appear to give values of M ∼ 1 (A 'Hearn et al. 1995; Sanzovo et al. 1996; Kolokolova et al. 2007) , and recent high-quality measurements of comet 67P/Churyumov-Gerasimenko indicate values between 3 and 10 ( Fulle et al. 2016) . Measurements for active asteroids do not yet exist. Thus, with no firm firm observational guidance, we will vary M widely over seven orders of magnitude, between values of 10 −3 and 10 4 .
2. The grain velocity v dust can be parameterized as a ratio ξ = v dust /v gas , since v gas is known from the sublimation model. Delsemme and Miller (1971) found that escaping gas molecules eventually accelerate to an asymptotic speed of v gas ≈ 1.8v. Thus, we specify v dust as a function ofv and ξ . For asteroids in the inner heliosphere, the temperatures shown in Figure 5 (b) indicate v gas ≈ 0.3-1 km s −1 . Comet observations tend to show that v gas is a practical upper limit for v dust (e.g., Waniak 1992; Hughes 2000; Prialnik et al. 2004; Beer et al. 2006; Bonev et al. 2008; Jewitt 2012; Ishiguro et al. 2016 ). However, v dust can take on a range of smaller values as well. A lower limit on v dust is the escape velocity v esc = (2GM a /R a ) 1/2 , which is typically between 10 −4 and 10 −3 km s −1 for the asteroids considered here. Thus, we will assume a plausible range for the dimensionless velocity ratio of 10 −4 < ξ < 1. 3. Astrophysical dust tends to exhibit a broad distribution of grain radii a rather than any one specific value (Combi 1994; Fulle 2004) . Observations of comets and the zodiacal light indicate particle sizes spanning the range from 0.1 µm to 10 cm (Fulle et al. 1993; Mann et al. 2004; Hörz et al. 2006; Kretke and Levison 2015) . Some models of dust loss from comets show a distinct anticorrelation between a and v dust (e.g., Finson and Probstein 1968; Delsemme and Miller 1971; Wallis 1982) , and this can be used to estimate the value of a that maximizes the drift distance R ≈ v dust τ. However, observations often show grain sizes in excess of this putative maximum value (Tenishev et al. 2011 ). These models also underestimate v dust by giving values only slightly larger than v esc , whereas observations often show a range of higher speeds extending up to v gas (see above). In order to avoid undue dependence on these kinds of models, we allow the value of a to vary freely between 0.01 µm and 10 cm. With the above parameters (M , v dust , a) varied freely and the other asteroid properties fixed for Phaethon at its perihelion, it is straightforward to compute b coma using Equations (14)- (21) and compare the results to the observed value of 2.5 × 10 5 km. An initial search of the parameter space yielded several clear constraints on the parameters. To match the observed coma size, models with ξ ≤ 1 must have a dust-to-mass ratio of M > 0.48 and a representative grain size of a < 39 µm. This latter constraint is in agreement with , who inferred a grain radius of a ≈ 1 µm for the particles producing the emission in the observed coma of Phaethon.
In order to help better constrain valid ranges of the free parameters, we searched for degeneracies (i.e., combinations of parameters that produced identical values of b coma ). Figure 9 shows there is an extremely narrow "allowed" region in a two-dimensional cut through the solution space when the orthogonal axis parameters are defined as
The points shown in Figure 9 are a subset of results from a Monte Carlo simulation of 10 6 random trial solutions. The 5363 displayed points represent only those solutions that agree with the observed value of b coma to within 1%. Because all of the points shown in Figure 9 reproduce the SECCHI observations of b coma for Phaethon at perihelion, we proceed by choosing one arbitrary set of values from those points to use in the models below. We presume the results for other asteroids at other heliocentric distances should scale similarly no matter the details of this choice. We follow by adopting a = 1 µm as a mean dust grain radius. With that constraint, the other two parameters are seen to follow the relationship ξ ≈ 1.76/M 1.085 . Optimized values of M = 3 and ξ = 0.53 were thus chosen in order to maintain continuity with the cometary analogy; i.e., the empirical knowledge that M tends to be between 1 and 10 and that v dust ≈ v gas (or at least v dust ≫ v esc ) is often seen (e.g., Jewitt 2012; Ishiguro et al. 2016) . Figure 10 shows some representative calculations of b coma for the set of 97 closest-approach events described above (filled circles), and for a set of idealized asteroid properties and positions (solid curves). For these idealized curves, it was assumed that the three relevant bodies (the asteroid, SPP, and the Sun) were situated on the corners of an equilateral triangle. In other words, for each point along these curves, r a = r p = d and α = ε = 60 • . For the 97 closest-approach events, these geometrical properties were extracted from the ephemerides discussed earlier. In cases when the dust ejected by an asteroid does not ever emit enough flux to exceed the observable sky background, we set b coma to a lower limit of the asteroid radius R a . This happens for all modeled cases at r a > 0.3 AU, which helps to justify our choice for disregarding asteroids with perihelia q > 0.3 AU.
Results for SPP Asteroid Encounters
Note that there is a relatively finite range of heliocentric distances inside of which an asteroid is expected to emit grains that survive for thousands of kilometers and produce a bright dust coma. This range appears to be roughly 0.08 < r a < 0.25 AU. For asteroids closer to the Sun than about 0.05 AU, the sublimation rate Z is so high that the grain lifetime τ is extremely short. Thus, the grains cannot reach large values of b before they are destroyed. For asteroids further away from the Sun than about 0.3 AU, the sublimation rate Z drops off to exceedingly small values. This allows any escaping grains to essentially "live forever," but their number density n d is too low for their flux to compete effectively with the sky background.
Rather than limit the calculation to the small database of 97 closest-approach events, the entire ephemeris for each pairing of SPP with a given asteroid was processed to compute Figure 2 . Curves correspond to grids of models with idealized geometrical configurations and fixed asteroid diameters (see text). The measured tail length of Phaethon at its perihelion ) is shown with a red X symbol.
b coma as a detailed function of time (i.e., at 0.1 day intervals). To compare directly with planned observations with WISPR, each value of b coma was converted into a sky angle θ coma as observed from the vantage point of SPP,
Because b coma is a radius and not a diameter, a spherical dust cloud should have an observable angular extent of 2θ coma . However, we provide θ coma as a conservative lower limit in cases of efficient tail "blowback" behind the asteroid. A dust cloud is thus considered to be resolvable only when θ coma exceeds the size of a single WISPR pixel (θ ≈ 1.45 ′ ). Figure 11 shows the full set of cases with modeled values of θ coma that exceed 0.5 ′ on the sky. The local maxima in θ coma occur neither at the times when d = d min nor at the times when r a = q. The large asteroid Phaethon shows up prominently with repeated peak values of θ coma between 10 ′ and 26 ′ , no matter the location of SPP in the inner heliosphere. The smaller asteroids 137924, 155140, and 289227 each have one-time favorable events with θ coma > 17 ′ , but at other perihelion passes the angular extents are smaller. Figure 11 also makes clear that dust tail sizes greater than about 1 ′ only tend to occur when asteroids fall between about 0.1 and 0.2 AU. Together with the results shown in Figure 10 , this supports our choice to disregard asteroids with perihelia greater than 0.2-0.3 AU. Figure 12 shows essentially the same information that is in Figure 11 , but plotted as a function of mission time t instead of heliocentric distance. This shows that the individual episodes of large observable angular extent are limited in time and distributed sporadically through the SPP mission. There are 113 predicted maxima that exceed the assumed WISPR pixel size, corresponding to 24 distinct asteroids. Several of the maxima are closely spaced pairs or triplets, separated by hours to days, but most are isolated in time. The mean duration of an event (defined as the time spent with θ coma ≥ 1.45 ′ ) is 1.39 days, but the events cover a range from 0.2 to 5.8 days. Table 3 lists the most promising 41 of these events (i.e., only those with θ coma ≥ 3 ′ ) in order of mission time, and also gives the apparent magnitude m V of the parent asteroid and its heliocentric distance at the specific times of maximum θ coma .
Discussion and Conclusions
The goal of this paper is to call the community's attention to the likelihood that SPP will be well-positioned to observe mass loss from Mercury-crossing asteroids in the inner heliosphere. Specifically, we predict that there will be several times during the SPP mission when the WISPR instrument will be able to detect visible-light emission from the asteroids themselves and (in a few cases) from associated dust clouds that may subtend almost a degree of angular width on the sky. These observations could fill in a large gap between the properties of two heretofore distinct populations-active asteroids and sungrazing comets-and thus help complete the census of primordial solar system material.
Because of several ongoing uncertainties, many of the quantitative predictions made above may not remain valid for the actual SPP mission to commence in 2018. Specifically, the following four factors will need to be re-evaluated over the coming few years: 1. As noted in Section 2, if the spacecraft launch slips from its nominal date of July 31, 2018, the predicted time-dependent distances between SPP and the asteroids will be incorrect. The mission depends on multiple close encounters with Venus to adjust the trajectory into the desired elliptical orbit with a perihelion of 0.0459 AU. Fox et al. (2015) described a backup plan that involves a May 2019 launch plus one additional Venus gravity assist to bring SPP into an orbit similar to the baseline trajectory. 2. Many of the objects in our database of 97 Mercury-crossing asteroids have been discovered relatively recently. Thus, there may still be substantial uncertainties in their ephemeris parameters. Such errors would necessarily propagate into our predictions of the relative times and distances of encounters with SPP. Whether the improvement of these parameters would give rise to a larger or smaller number of favorable encounters remains to be seen. Nevertheless, the pace of asteroid discovery is likely to continue, and there may be dozens more possible targets discovered between now and 2018. 3. The predictions made above did not take into account that the WISPR instrument has a finite field of view and cannot see the entire sky. Some fraction of favorable encounters with asteroids may end up being hidden behind the SPP heat shield or other parts of the spacecraft. Thus, not every asteroid in listed Tables 1 and 3 will be observable at all times. These details need to be considered when constructing detailed observation plans, but they are beyond the scope of this paper. 4. The observability of any given asteroid and its surrounding dust cloud was computed using a threshold sky background of 10 −4 F Z (see, e.g., DeForest et al. 2011) . It is possible that WISPR may contain sufficient improvements in photon counting or flat-fielding, relative to the SECCHI package on STEREO, that could allow even weaker signals to be extracted from the raw images.
However the above issues are resolved, there appears to be a high probability for a significant number of encounters between SPP and Mercury-crossing asteroids during times when the latter may be losing mass at r a < 0.2 AU. Details aside, the statistical distribution of events is likely to remain similar to what was computed in this paper.
In addition to refining the positional and temporal accuracy of the above predictions, there are also several ways that the mass loss modeling can be improved. Our assumption of constant values for L and µ should be replaced by a more self-consistent (i.e., temperature dependent) description of specific ejected materials. This is particularly important because the computed rates are often in the exponentially dropping part of the sublimation curve ( Figure 5 ), where small variations in the input parameters could change Z by several orders of magnitude. Also, the spherically symmetric Haser (1957) model should be replaced by a full three-dimensional dynamical simulation of the ejected dust grains. If the escaping grains are swept back into a collimated tail, their number density may be up to an order of magnitude higher (and thus more easily observable when viewed from a favorable direction) than if they were spread out in a spherical cloud. Jewitt et al. (2011) estimated the sunward turnaround distance s expected from grains of a given size. In cases where s ≪ b coma it would be most useful to apply such a three-dimensional correction to the density model. At the very least, the standard Finson and Probstein (1968) type of ballistic modeling should be done for the most promising encounters, in order to predict the tail orientations and geometries.
The idea of using inner heliospheric space probes as remote observatories for active asteroids should be expanded beyond just SPP. The Solar Orbiter mission (Müller et al. 2013; Bemporad et al. 2015) will reach a minimum perihelion distance of about 0.28 AU during a similar time-frame as SPP, but it will also leave the ecliptic plane to eventually reach inclination angles of order 30 • . Sarli et al. (2015) proposed a mission to visit Phaethon and associated asteroids (155140) 2005 UD and (225416) 1999 YC, which would explore the origins of the Geminid meteor stream and study the physics of comet/asteroid transition objects. Near-Earth asteroid flyby or rendezvous missions with infrared spectro-imagers (Groussin et al. 2016 ) could also improve our knowledge of the physics of regolith loss in a hot thermal environments. Lastly, any spacecraft that comes close enough to fly through the dust tail of an active asteroid would put unprecedented constraints on the properties of the ejected grains, thus allowing a comparison of similarities and differences to dust ejected by comets (see, e.g., Kissel and Krueger 1987; Mann and Czechowski 2005; Neugebauer et al. 2007; .
